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SUMMARY

ADP-ribose (ADPr) readers are essential components of ADP-ribosylation signaling, which regulates genome
maintenance and immunity. The identification and discrimination between monoADPr (MAR) and polyADPr
(PAR) readers is difficult because of a lack of suitable affinity-enrichment reagents. We synthesized well-
defined ADPr probes and used these for affinity purifications combined with relative and absolute quantita-
tive mass spectrometry to generate proteome-wide MAR and PAR interactomes, including determination of
apparent binding affinities. Among the main findings, MAR and PAR readers regulate various common and
distinct processes, such as the DNA-damage response, cellular metabolism, RNA trafficking, and transcrip-
tion. We monitored the dynamics of PAR interactions upon induction of oxidative DNA damage and uncov-
ered the mechanistic connections between ubiquitin signaling and ADP-ribosylation. Taken together, chem-
ical biology enables exploration of MAR and PAR readers using interaction proteomics. Furthermore, the
generated MAR and PAR interaction maps significantly expand our current understanding of ADPr signaling.

INTRODUCTION

Post-translational modifications (PTMs) are essential for cellular
homeostasis (Conibear, 2020). ADP-ribosylation is an abundant
PTM that is catalyzed by mono-ADP-ribosyltransferases
(MARTs) and polyADPr polymerases (PARPs), which transfer
ADP-ribosyl (ADPr) residues from nicotinamide-adenine-dinu-
cleotide-positive (NAD*) to specific nucleophilic amino acid
side chains (Lin, 2007; Crawford et al., 2018; Luscher et al.,
2018). ADP-ribosylation has a crucial role in processes related
to genome maintenance and immunity (Gibson and Kraus,
2012; Ryu et al., 2015; Gupte et al., 2017; Fehr et al., 2018; Gru-
newald et al., 2019). The discovery that certain cancer types that
are characterized by defective homologous recombination
depend on PARP1 activity has triggered an increased interest
in polyADP-ribosylation (PARylation) and resulted in the devel-
opment of clinically approved PARP inhibitors (i.e., olaparib)
(Ray Chaudhuri and Nussenzweig, 2017; Rimar et al., 2017; Min-
chom et al., 2018; Golan et al., 2019). Other components of the
ADPr system are also emerging as potential drug targets (Teloni
and Altmeyer, 2016; Palazzo et al., 2019; Patel et al., 2020).
Despite these breakthroughs, ADP-ribosylation is still relatively
poorly understood in terms of structural molecular details and
regarding the proteins involved in its turnover and recognition.
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These shortcomings can be explained by the properties of
ADPr modifications, such as the labile linkages with target pro-
teins, the complex polyanionic structure and its dynamic nature
(Kistemaker et al., 2015; Lambrecht et al., 2015). However, given
its pivotal role in cellular signaling and a variety of diseases,
comprehensive identification of the ADPr signaling network is
of great importance.

Recent advances have provided insights into the ADP-
ribosylome and enabled proteome-wide identification of ADPr
acceptor proteins (Karlberg et al., 2013; Martello et al., 2016;
Bonfiglio et al., 2017; Larsen et al., 2018; Hendriks et al., 2019;
Kalesh et al.,, 2019; Buch-Larsen et al., 2020). Proteins
comprising modules that bind to monoADP-ribosylated
(MARylated) and PARylated targets, so-called MAR and PAR
“readers,” are important components of the ADPr signaling
network (Teloni and Altmeyer, 2016; Kamaletdinova et al.,
2019). Hitherto, one MAR- and less than a dozen PAR-binding
modules have been identified (LUscher et al., 2018). Initial efforts
to identify proteome-wide ADPr readers made use of two-
dimensional proteins gels and incubation of polyvinylidene fluo-
ride (PVDF) membranes with *2P-labeled PAR chains followed by
MALDI-based identification of protein spots (Gagné et al., 2008).
Despite these efforts, a proteome-wide map of MAR and PAR
readers has not yet been reported. Chemical synthesis of
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oligoADPr-containing probes represents a unique challenge (Liu
et al., 2019). During the past decade, we have made significant
progress toward the synthesis of well-defined fragments of
ADP-ribosylated proteins and analogs thereof (van der Heden
et al., 2010; Kistemaker et al., 2016; Liu et al., 2018; Voorneveld
et al., 2018). We also developed efficient procedures to synthe-
size pyrophosphates and analogs, culminating in the assembly
of short oligoADPr chains and in a methodology to acquire pyro-
phosphate isosteres.

Here, we applied a state-of-the-art chemical approach to
synthesize biotinylated mono-, di-, and triADPr probes and
used them for affinity purifications in crude mammalian cell ly-
sates combined with quantitative mass spectrometry (MS) to
generate proteome-wide ADPr interactomes. This workflow
enabled the identification of numerous known and novel MAR
and PAR readers, as well as cell-type-dependent and -indepen-
dent PAR readers. As expected, the datasets obtained were en-
riched for proteins that regulate the DNA-damage response
(DDR). Our results also uncovered a large number of ADPr
readers that regulate other processes, such as cellular meta-
bolism, RNA trafficking, protein secretion, and transcription.
We also applied an absolute interaction proteomics method to
determine apparent binding affinities for dozens of MAR and
PAR readers, and we predicted numerous ADPr-binding do-
mains for readers that were identified. Furthermore, we moni-
tored the dynamics of ADPr interactions upon induction of
oxidative DNA damage in cells, which revealed DNA-damage-
induced PAR readers. We also performed extensive validation
for more than a dozen ADPr readers and confirmed that these
proteins directly interact with MAR and PAR chains. Finally,
we identified MKRN2 as a PAR-dependent E3 ubiquitin ligase.
Taken together, chemical biology enables exploration of the
MAR- and PAR-binding proteins using synthetic, well-defined
probes. Furthermore, the proteome-wide ADPr landscapes
significantly expand our understanding of the complex ADPr
signaling network.

RESULTS

Identification of ADPr readers using chemical biology
and interaction proteomics

Known ADPr-binding domains recognize either the terminal
ADPr, the ADPr-ADPr junction, or iso-ADPr (Teloni and Altmeyer,
2016). We reasoned that synthetic affinity-enrichment probes
that consisted of mono- or oligoADPr could be used to identify
and discriminate MAR and PAR readers. We, therefore, de-
signed and synthesized well-defined biotinylated ADPr probes
of discrete length (mono-, di-, and triADPr) for affinity-purification
purposes (Figure 1A; Methods S1).

We first performed solid-phase synthesis of ADPr fragments
containing a terminal alkyne using a modification of our reported
method based on P(lll)-P(V) chemistry (Kistemaker et al., 2015).
We used TentaGel N resin to facilitate the scale up and adopted
fluorenylmethyl (Fm) as a temporary protecting group to exclude
partial acidolysis of the O-glycosidic linkages of ADPr-oligomers
during the deprotection step (Methods S1). The propargylated
monoADPr (2a), diADPr (2b), and triADPr (2c) were conjugated
to azido-PEGs-biotin using a copper(l)-catalyzed alkyne-azide
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cycloaddition to obtain biotinylated mono-, di-, and triADPr
(Lambrecht et al., 2015; Liu et al., 2018) (Figure 1A).

After synthesis and purification of the ADPr oligomers, we
evaluated the stability of the ADPr-based probes in crude lysates
by monitoring the interaction between the known PAR reader
XRCC1 and biotin-oligoADPr (Figure S1A). We observed efficient
enrichment of XRCC1 in the presence of ADPr hydrolase inhibi-
tors, whereas that interaction was not observed in the presence
of the recombinant phosphodiesterase ENPP1 or the PAR hy-
drolase PARG. Therefore, the ADPr-based affinity enrichment
probes were effectively protected against ADPr hydrolases un-
der the selected experimental conditions.

Next, we established a quantitative MS-based workflow to
identify ADPr readers (Figure 1B). Crude mammalian whole-cell
extracts were incubated with biotinylated ADPr probes immobi-
lized on streptavidin-conjugated beads. As a negative control,
extracts were incubated with empty streptavidin beads. After
extensive washes, bound proteins were digested with trypsin,
and tryptic peptides were analyzed by high-resolution, label-
free quantitative MS (LFQ-MS) analyses. Raw data were
analyzed using MaxQuant and Perseus (Cox and Mann, 2008;
Tyanova et al., 2016). We first determined enrichment of proteins
in the ADPr affinity purifications relative to the negative control
(Figures 1C, S1B, and S1C). We also compared binding prefer-
ences of proteins for the different baits against each other (Fig-
ures 1D, S1D, and S1E). More than 50 and 35 proteins exhibited
at least 2-fold enrichment in affinity purifications with the triADPr
and diADPr probe compared with the negative control, respec-
tively (Figures 1C and S1B; Table S1). Reassuringly, we identified
well-known ADPr readers, such as XRCC1, APTX, and RNF146/
Iduna (Teloni and Altmeyer, 2016). To date, only a few MAR
readers have been identified (Teloni and Altmeyer, 2016; Gupte
et al., 2017). Nevertheless, we identified numerous MAR interac-
tors, including the known MAR reader MACROD1 (Figure S1C;
Table S1). Of note, comparisons of proteins interacting with tri-
versus monoADPr revealed that our workflow efficiently discrim-
inated between PAR and MAR readers (Figure 1D; Table S1).

Proteome-wide profiling of ADPr interactomes

Next, significantly enriched proteins in the affinity purifications
were identified by ANOVA statistics and visualized by correla-
tion-based clustering, which revealed 119 ADPr readers display-
ing selective binding to a single or multiple ADPr baits (Figure 2A;
Table S1). Among these, we identified 77 putative PAR readers
that were specifically enriched by either one or both oligoADPr
baits (cluster “PAR”; Figure 2A). The remaining 42 proteins are
classified as putative MAR readers, and a subset of these also
interact with the oligoADPr baits, likely through the terminal
ADPr moiety in the probes (cluster “MAR”; Figure 2A). Further-
more, integration of the data obtained with that of previously
published protein copy number data for HelLa cells revealed
that our ADPr interaction screening was not biased toward highly
abundant proteins (Figure 2B) (Nagaraj et al., 2011).

Several known ADPr readers display a binding pattern that is
consistent with previous studies (Figure 2C). Moreover, our data-
set further confirmed that macrodomain-containing proteins
exhibit distinct binding preferences toward ADPr modifications,
including the MAR reader MACROD1, the PAR-specific CHD1L,
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Figure 1. Synthesis of biotinylated ADPr probes for interaction proteomics
(A) Schematic overview of the synthesis of biotinylated ADPr probes.

(B) Schematic overview of the workflow of ADPr interaction proteomics.

(C and D) Volcano plots of affinity purifications of triADPr versus a negative control (C) and triADPr against monoADPr (D). Fold enrichments (FC > 2, x axis) were
plotted against —log4o-transformed p value of the permutation-based false-discovery rate (FDR)-corrected t test (FDR < 0.05, y axis). The dashed lines represent
the statistical cutoffs. A subset of known ADPr readers is labeled.

See also Figure S1 and Table S1.

and the MAR- and PAR-binding PARP9. We also uncovered
numerous additional putative ADPr readers, such as the meta-
bolic enzymes ME2, IMPDH1/2, GAPDH, ubiquitin E3 ligase
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MKRN2, DNA damage-sensing kinase ATR, and the receptor
OGFR. Gene Ontology (GO) enrichment analyses for MAR- and
PAR-specific protein clusters revealed overlapping and specific
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Figure 2. Global ADPr interactome in HelLa cells

(A) Hierarchical clustering of statistically significant ADPr interactors. ANOVA test thresholds are as follows: FDR = 0.03, Sy = 0. Protein enrichment and lack of the
enrichment are indicated in red and violet, respectively. The color coding for probe types is indicated, and the color density reflects the scale of enrichment. A
cluster of proteins showing specific binding to the negative control was omitted from the heatmap.

(B) Concentration range of all HeLa proteins (All) and the amounts of significant ADPr interactors (Significant). Shown Hela protein copy data are from Nagaraj
et al. (2011). The intensity-based absolute quantification (iIBAQ) algorithm for abundance intensities of all proteins and the statistically significant interactors of
ADPr are presented in logqo scale. The data are shown as means + SEM; the box limits indicate 25th and 75th percentiles, and the bold line represents the median
value. No statistically significant difference was determined using the Mann-Whitney test (p = 0.898, r = 0.003).

(C) Heatmap showing the enrichments for identified MAR and PAR readers (top and bottom cluster, respectively). The left annotation of the heatmap indicates
known and putative ADPr readers (green and violet, respectively). The color coding for the probe types is the same as in (A).

(D and E) Dot plots depicting GO term enrichment analysis for MAR (D) and PAR interactors (E). Significantly enriched GO terms (p < 0.05) are plotted against their
fold enrichment. The color coding depicts —log+(p) of the statistically significant terms, and dot size indicates the protein count for each term.

See also Figure S2 and Table S1.
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cellular functions for both ADPr modifications (Figures 2D and
2E; Table S1). As anticipated, the PAR interactome is enriched
for several DNA repair pathways, including homologous recom-
bination and nucleotide-excision repair (Gupte, Liu and Kraus,
2017). Interestingly, PAR readers are also involved in DNA pro-
cessing and synthesis, diverse metabolic processes, and cell-
cycle regulation. Moreover, the enrichment of terms related to
RNA biology (processing and translation) is in line with previous
studies (Kim et al., 2020), but our interaction screening reveals
the putative PAR readers that are directly involved in these pro-
cesses. In contrast, MAR readers are mainly enriched for pro-
teins involved in regulation of transcription, cytokinesis, the
cellular response to UV, tight junction assembly and metabolic
processes that are distinct from those regulated by PAR readers.
Furthermore, identified ADPr readers are linked to the func-
tioning of various organs and are also associated with diseases,
including cancer and viral infection (Figures S2A and S2B; Ta-
ble S1).

PAR is a complex, nucleic acid-like PTM (Teloni and Altmeyer,
2016). Because of the overrepresentation of RNA biology in the
gene ontology molecular function (GOMF) analysis, we further
investigated the specificity of the identified ADPr interactions.
Toward that aim, we profiled interactions with short nucleic
acids, consisting of either three or 15 adenosine (A) compounds.
This experiment revealed that oligoADPr probes and triA baits
have non-overlapping interactomes and most PAR readers do
not interact with longer, pentadecaA chains (Figure S2C;
Table S1).

Identification of cell-type specific and constitutive PAR
readers

ADP-ribosylation is an essential component of biological pro-
cesses in eukaryotic nuclei (Hottiger, 2015). We, therefore,
generated ADPr interactomes using nuclear extracts as input
material, which resulted in the identification of 86 MAR- and
169 PAR-binding proteins (Figure 3A; Table S1), among which,
were well-known PAR readers, such as FUS, XPC, EWSR1,
and HNRNPC (Teloni and Altmeyer, 2016). Interestingly, a sub-
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set of proteins that were previously characterized as PAR
readers, such as EXO1 and ATM, preferentially interacted
with monoADPr compared with triADPr. Additional identified
nuclear PAR readers include the DNA repair enzyme TDP1,
the DNA methylation reader MECP2, and subunits of the THO
complex.

Although basal cellular levels of PAR are low, numerous pro-
teins have been shown to undergo PARylation (Ayyappan
et al., 2021). Therefore, to ensure that identified proteins are
bona fide ADPr interactors, we performed affinity purifications
with nuclear extracts from cells pre-treated with the PARP inhib-
itor olaparib. Furthermore, the PAR network varies among
different cell types (Martin et al., 2015; Zhen et al., 2017). There-
fore, to identify cell-type-dependent and -independent ADPr
readers, we performed additional affinity purifications with nu-
clear extracts from the human keratinocyte cell line HaCaT.
ADPr interactomes between HelLa and HaCaT cells are corre-
lated, indicating that many ADPr readers are constitutive and
cell-type independent. TriADPr interactions, in particular, show
a high degree of correlation (p > 0.8) (Figure 3B). This experiment
resulted in the identification of 89 and 109 oligoADPr interactors
with HeLa and HaCaT nuclear extracts, respectively (Figure 3C;
Table S1). The interactions detected in HeLa and HaCaT cells are
not strongly biased towards high-abundant proteins (Fig-
ure S3A); 34 proteins exhibited conserved binding to oligoADPr
in both cell lines, whereas 55 and 75 proteins were identified
as cell-type-specific PAR interactors in HeLa and HaCaT cells,
respectively (Figure 3D). To determine whether cell-type-specific
PAR interactions can be explained by differential protein expres-
sion, we compared protein abundances of PAR readers in HeLa
and HaCaT cells (Figure 3E; Table S1). 71 PAR interactors were
expressed to similar levels in both cell lines (fold change [FC] >
—2 and FC < 2), whereas 16 proteins were not quantified (Table
S1). Binding dynamics and protein abundance (FC > 2, p < 0.05)
were correlated for 31 HaCaT and 8 HelLa-specific PAR readers,
respectively. Cell-type-specific, but expression-independent,
binding for certain PAR readers may be explained by PTM-regu-
lated PAR binding or cell-type-specific co-factors required for

Figure 3. Nuclear HeLa and HaCaT ADPr interactomes

(A) Volcano plot showing preferential binding of nuclear proteins to triADPr versus monoADPYr. The statistical cutoffs in the t test are as follows: FC > 3 and FDR <

0.05. A representative group of known and putative ADPr readers is labeled.

(B) Heatmap depicting pairwise Pearson’s correlation analysis of HeLa and HaCaT nuclear ADPr interactomes.

(C) Hierarchical clustering of significantly enriched proteins by different ADPr probes in HeLa and HaCaT nuclear extracts (left and right heatmap, respectively).
ANOVA test thresholds were as follows: FDR = 0.0015, Sp = 0; and FDR = 0.03, S, = 0 for HeLa and HaCaT ADPr interactomes, respectively. A cluster of proteins
showing specific binding to the negative control was omitted from the heatmap to ease data presentation.

(D) Venn diagram depicting the overlap between identified ADPr readers in HeLa and HaCaT nuclear extracts.

(E) Heatmap depicting the abundances of conserved, HeLa- and HaCaT-specific ADPr readers (top, middle, and bottom clusters, respectively). The statistical

thresholds in t test are as follows: FC > 2 and FDR < 0.05.

(F) Affinity purifications, with empty beads, mono- and triADPr baits in HeLa extracts, were subjected to immunoblotting using antibodies against proteins of
interest. TUBA1A served as a negative control, whereas XRCC1 and MACROD1 were used as positive controls for PAR and MAR interactions, respectively.
(G) Validation of ADPr readers using affinity purifications with recombinant proteins. XRCC1-GST and GST-6xHIS were used as positive and negative controls,

respectively.

(H) Competition-binding assays for selected ADPr interactors. Streptavidin pull-downs with empty beads, biotinylated mono- and triADPr probes were performed
in Hela extracts in the presence of increasing concentration of free probes. Left: free triADPr and untagged monoADPr were used for affinity purifications with
biotinylated monoADPr and triADPr. Right: the same type of biotin-tagged and free ADPr probe was used to outcompete ADPr readers.

() MKRN2 in vitro ubiquitination assay. Top and bottom immunoblots show HMW conjugates of Ub and autoubiquitinated MKRN2, respectively.

(J) Quantification of (l). Results of independent replicates are shown as means + SEM; the box limits represent 25th and 75th percentiles, and the bold line

indicates median value.

Experiments shown in (F)—(l) were repeated independently at least three times. See also Figure S3 and Table S1.
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Figure 4. Quantification of apparent binding affinities between proteins and ADPr probes

(A) Schematic overview of the PAQMAN method for KPP determination for ADPr readers.

(B) Heatmaps showing PAQMAN measurements for a representative group of ADPr readers. The heatmap on the left depicts mean of grouped abundances of
proteins identified in both replicates in logso-scale, followed by heatmaps illustrating calculated KPP and R? confidence interval of the quantifications. On the

(legend continued on next page)
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PAR recognition. GO term enrichment analysis revealed that
conserved PAR readers are involved in the DDR and regulation
of metabolic processes (Figures S3B-S3D; Table S1). Further-
more, both datasets show significant enrichment of terms
related to guanosine triphosphate (GTP) biosynthesis and inter-
feron production. Of note, the screening revealed a largely unex-
plored function of cell-type-independent ADPr readers in cell
adhesion. HelLa-specific PAR readers are associated with DNA
replication, mRNA splicing, and histone acetylation. Among
overrepresented HaCaT-specific terms are melanosome and
actin filament polymerization. Interestingly, mature melano-
somes are transferred to keratinocytes, and one of the identified
expression-dependent, HaCaT-specific PAR readers, RAB38, is
implicated in melanosome trafficking (Ohbayashi and Fukuda,
2020). Furthermore, the actin cytoskeleton is an essential regu-
lator of keratinocyte mechanosensing (Laly et al., 2021), and
one of the identified PAR readers in HaCaT cells, PFN1, is indis-
pensable for the assembly and organization of the actin cyto-
skeleton (Skruber et al., 2020). It is tempting to speculate that
PARylation and PAR readers are involved in these processes.

Next, we verified the binding specificity for 20 identified ADPr
readers using affinity purifications combined with western blot-
ting, together with two positive controls (MACROD1 and
XRCC1 for MAR and PAR, respectively). Selected proteins
were validated using antibodies against endogenous proteins
or by using ectopically expressed tagged proteins (Figures 3F,
S3E, and S3F). These validations are in excellent agreement
with the proteomics data. Furthermore, affinity purifications us-
ing recombinantly expressed proteins confirmed that, at least a
subset of the identified PAR readers, MKRN2, IMPDH, THOCS,
and MECP2, interact directly with ADPr chains (Figures 3G and
S3G). The specificity of selected MAR and PAR readers was
further verified in competition assays with free, untagged
mono- and triADPr (Figure 3H).

One of the validated PAR readers, MKRN2, contains a signa-
ture RING ZF C3HC4 and exhibits E3 ligase activity (Shin et al.,
2017). That protein has previously been implicated as a potential
therapeutic target in melanoma (Guo and Zhang, 2020). The E3
ligase activity of RNF146/Iduna is stimulated by PAR binding
(Kang et al., 2011). To investigate whether MKRN2 undergoes
similar regulation, we performed an in vitro ubiquitination assay
using recombinant MKRN2 in the absence or presence of PAR
polymers. Indeed, we observed an increase in high-molecular-
weight (HMW) ubiquitin conjugates and autoubiquitinated
MKRN2 upon incubation of MKRN2 with ADPr chains prior to
the in vitro ubiquitination assay (Figure 3H).

Proteome-wide quantification of apparent binding
affinities of ADPr readers

Several methods have been applied to determine affinities be-
tween PAR and their readers, including electromobility shift as-
says, polymer-dot blot assays, isothermal titration calorimetry,
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and surface plasmon resonance (Krietsch et al., 2013). However,
the binding affinities for the same PAR:PAR reader pair some-
times deviate by several orders of magnitude when different ap-
proaches are used (Krietsch et al., 2013). Moreover, these
methods are labor intensive and low throughput. We recently
developed a method called protein-nucleic-acid affinity quantifi-
cation by mass spectrometry (PAQMAN), which can be used to
determine apparent binding affinities for dozens of nuclear pro-
teins and a nucleic acid sequence of interest in a single experi-
ment (Makowski et al., 2018; Grawe et al., 2020). Here, we
have adopted the PAQMAN method to quantify apparent binding
affinities between ADPr readers and MAR and PAR baits (Fig-
ure 4A). Briefly, serial dilutions of the mono- and triADPr probes
in a concentration range between 0.61 nM and 12 uM were pre-
bound to streptavidin-conjugated beads and incubated with a
fixed amount of olaparib-pretreated Hela nuclear extracts.
Next, beads were rapidly washed, after which the affinity purifi-
cation series for each bait was digested with trypsin, followed
by 10-plex Tandem Mass Tag (TMT) isobaric labeling and quan-
titative MS analysis. The datasets were then analyzed using Pro-
teome Discoverer and Python software. It is important to note
that to determine a Hill-like curve, protein binding needs to reach
saturation at the highest titration points, thus, preventing deter-
mining Kp values in the sub-millimolar range, given the bait con-
centration range used. To generate a high-quality list of ADPr
readers and associated Kp values, we filtered out proteins that
were not identified in each biological replicate. Hill-like Ky curves
could be generated for 53 MAR and 208 PAR readers (> > 0.9)
(Figures S4A and S4B), and 65 of those proteins were identified
as specific ADPr interactors in our LFQ-MS datasets (Figures 4B
and S4C; Table S1). For one of identified proteins, AIFM1/AIF,
the affinity for PAR was previously determined to be 66.3 nM us-
ing a polymer blot assay (Wang et al., 2011), which is in a good
agreement with our PAQMAN measurement (KPP = 25.4 nM,
r? = 0.92) (Figure 4B). In general, Kp"FPs for quantified MAR
readers are in the sub-micromolar range (Figures 4B, 4C, and
S4D), whereas PAR readers exhibit Kp”PPs in the nanomolar
range (Figures 4B, 4E, and S4E). As described earlier, MAR
readers are implicated in the regulation of transcription (Fig-
ure 2D). For example, GLYR1/NDF, which binds MAR with an
apparent Kp PP value of 116 nM, facilitates RNA polymerase |l
transcription through nucleosome destabilization (Fei et al,
2018) (Figure 4C). BAHCC1, which was recently identified as
an H3K27me3 reader that mediates gene silencing, interacts
with MAR with a very high affinity (7.45 nM, r* = 0.95) (Figure 4D).
Interestingly, BAHCC1 interacts with H3K27me3 through its BAH
(bromo-adjacent homology) domain (Fan et al., 2020). Immedi-
ately adjacent to that is a putative ADPr-binding domain. It would
be interesting to determine whether PAR recognition regulates
H3K27me3 binding and the biological function of BAHCCH.
PAR readers for which a Kp*PP values could be determined
and which have been shown to interact specifically with PAR

right, proteins identified as specific ADPr readers in the other ADPr interaction screenings are depicted. Only MAR and PAR readers with R? > 0.94 are shown on

the top and bottom of the heatmap, respectively.

(C-F) KPP binding curves for MAR readers GLYR1 (C), BAHCC1 (D) and PAR interactors RAVER1 (E) and TDP1 (F). Each data point represents the mean of two

replicates and the error bars denote the SEM.
See also Figure S4 and Table S1.
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(as shown in Figures 2A, 3A, and 3C) include RAVER1 and
GNAI3. RAVERT1 is a ribonucleoprotein that modulates an innate
antiviral response (Chen et al., 2013) (Figure 4E). GNAI3 is a
GTPase, which is implicated in cell division (Cho and Kehrl,
2007) and interacts with PAR with a very high affinity (Kp*P?
8.37 nM, r* = 0.93) (Figure S4E). Other proteins, such as TDP1
(Heublein et al., 2014) and MRPS36, interact with PAR with a
lower affinity (Kp**Ps 304 nM and 712 nM, respectively) (Figures
4F and S4F). For a subset of proteins, apparent Kps could be
determined for both the mono- and triADPr probes (Figure S4G).
Proteins such as PCLAF and NOLS interact with both baits with
very similar apparent Kps, which suggests that they recognize
the terminal ADPr unit. Other proteins preferentially bind PAR,
an example being the nucleolar protein NOP2, which shows a
6-fold greater affinity for PAR compared with MAR (127 nM for
mono- and 20 nM for triADPr). In summary, these PAQMAN ex-
periments verify some of the results obtained in our interaction
proteomics screenings (Figures 1, 2, and 3; Table S1). As such,
MAR and PAR PAQMAN experiments help guide future follow-
up experiments.

Exploration of ADPr-reading motifs and their disease
associations

A dozen domains have been described as ADPr interaction mod-
ules (Luscher et al., 2018); 40 previously reported ADPr readers
were covered in our ADPr interaction-proteomics screenings,
and 36 of those contain a well-characterized ADPr-binding
domain. (Figure 5A). In silico, studies predicted the PAR-binding
motif (PBM) as a prevalent PAR interaction domain (Pleschke
et al., 2000; Teloni and Altmeyer, 2016). Most known PAR
readers that were detected in our datasets comprise a PBM
domain. Moreover, we identified proteins that were previously
shown to bind ADPr modifications through either macrodomain,
FHA, BRCT, PBZ, PIN, OB, RING ZF of C3HC4 type, RRM, RG/
RGG, SR- or KR-rich motifs (Teloni and Altmeyer, 2016). In addi-
tion, we identified four known ADPr readers with uncharacterized
ADPr-binding modules. Thus, the probes used in this study al-
lowed us to capture ADPr readers with distinct ADPr-interacting
domains. Next, putative ADPr-reading motifs were identified by
scanning protein sequences of MS candidates against
consensus sequences of known ADPr-binding modules using
ScanProsite software and further verification using the InterPro
database (Figure S5A) (de Castro et al., 2006; Blum et al.,
2021). This resulted in the identification of ADPr-binding modules
in 212 novel ADPr readers, including 40 MAR and 172 PAR
readers (Figure S5B; Table S1). Strikingly, this analysis revealed
that the most prevalent ADPr-binding modules are RG/RGG-,
SR-, and KR-rich motifs, followed by RRM and PBM in PAR
and MAR readers, respectively. Both RG/RGG-, SR-, KR-rich
motifs and RRM recognize ADPr modifications via positively
charged amino acid residues, and PBM is believed to establish
electrostatic interactions with PAR (Teloni and Altmeyer, 2016)
(Figure 5B). However, dozens of identified MAR and PAR readers
contain putative PBM motifs, suggesting the existence of MAR-
and PAR-specific PBMs. Numerous ADPr readers identified in
our screenings, such as THOC6, CHAF1B, PRPF4, and
PRPF19, contained at least one WD40 domain, which may
interact with PAR via electrostatic interactions, and has previ-
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ously been described for the FBXW7 (Zhang et al., 2019). These
findings provide further evidence that basic electrostatic regions
exposed on protein surfaces might be the main drivers of PAR
recognition. Moreover, we did not identify any MAR readers con-
taining either an OB-fold or PBZ domain, suggesting that these
reader domains are PAR specific. Numerous identified ADPr
readers comprise multiple putative ADPr-reading regions (Fig-
ures 5C and S5B). E3 ligase activity of RNF146/Iduna is alloste-
rically activated by cooperative recruitment of PAR polymers by
its WWE and RING ZF domain (DaRosa et al., 2015). In our inter-
action proteomics screenings, we identified 11 RING ZF C3HC4-
containing E3 ligases, and four of those proteins also contained
putative ADPr-binding domains, such as PBM, RRM, and WD40
(Figure 5C). Hence, the RNF146/Iduna-type of activation mech-
anism could be a more-general phenomenon. To investigate the
accuracy of the ADPr-binding domain prediction analysis, we
mutated the PBM domain of the PAR reader MVP (Figure 5D).
These experiments revealed that single amino acid mutants of
MVP (R507A, R511A, and R512A) interact with biotin-triADPr,
whereas double mutants (R507/511A, R507/512A, and R511/
512A) exhibit strongly reduced binding. Finally, mutation of three
amino acids in the MVP PBM domain (R507A/R511A/R512A)
completely abolished triADPr binding. Next, we aimed to deter-
mine the PAR-binding regions for the readers, which lack any
obvious PAR-binding domains. Thus, we generated truncation
mutants of TDP1 and MKRN2 and investigated their PAR-bind-
ing ability (Figures 5E and 5F). These experiments revealed
that TDP1 does not interact with PAR through its PARP1- and
DNA ligase 3-interaction domains but through its catalytic
domain. The recruitment of MKRN2 to PAR is mediated by its
C terminus, with its C3H1 ZF domain at least partially being
involved in PAR binding. The close proximity between the
MKRN2 RING domain and its PAR-recognizing module provide
further support for PAR-binding-mediated regulation of its E3
ligase activity.

To investigate associations between ADPr readers and dis-
eases, we mined the Online Mendelian Inheritance in Man
(OMIM) database and the DisGeNET platform (Amberger
et al., 2009; Pifero et al., 2019), which annotates genes and
their disease-relevant variants (Table S1). This analysis re-
vealed that 30 MAR and more than 90 PAR readers with pre-
dicted ADPr-binding domains have been linked to various dis-
eases, most notably cancer (Figure S5C). Moreover, mutations
in a subset of ADPr readers are associated with neurodegener-
ative disorders (i.e., amyotrophic lateral sclerosis, spinocere-
bellar ataxia, and dystonia), as well as schizophrenia, micro-
cephaly, and various types of mental retardation, which is in
good agreement with previously characterized roles for ADPr
signaling in cancer and neurodegeneration (Hoch and Polo,
2019). Our analysis indicates that susceptibility to cardiomyop-
athy, liver cirrhosis, polycystic ovary syndrome, dermatologic
disorders, and HIV infections are linked to mutations in a sub-
set of PAR readers. Interestingly, 18 identified ADPr readers
harbor disease-relevant point mutations within their ADPr-
binding domain (Figures S5D and S5E; Table S1). Mutations
in the PBM of the MAR-binding ribosome biogenesis factor
BMS1 causes the skin condition aplasia cutis congenita (Mar-
neros, 2013), whereas a Asp154Gly mutation in the WD40



Molecular Cell

¢? CellPress

A B
FHA/BRCT ° .
Macrodomain .
OB-fold{ e—e
PBM . °
PBZ| e
PIN| ®
SR/KR/RG/RGG ° .
ve RING ZF C3HC4{ e °
¢ cancA RRM{ o N
RNGZ wD40{ o .
WWE °
] ) ] ) £
ADPr Readers
*QSQ. Legend e Known readers e Known and putative readers
£
FHA/BRCTA ° ] ° [} ]
Macrodomain 4
OB - ° @
PBM - o000 o0 o000 (<] e o (<} (<] (<] e oo (] @ o o
PBZ 4@ o
PIN - o
RING C3HC4 oo o o o o
RRM-{ © 00 © 00000 o [} o o o 000000 00 O 00 000 00 o o
SR/KR/RG/RGG{ O o o oooQoo0o00 o o o 0 0000 00000000 000 0000 0Q OO0
WD40 - o o0 o 00 oo
WWE - o
T AN Yt I I NT OO AT T AR NN TN T e T O TOCNONON T NN TG YI QOO A QO MTANNT®
SZzz0wouwEoLOXEJOLa 00 L 0SS SIZp 0 Z oo Xo9000ErLagODF TLp O ANNSEROI R
S00Q=IIOIXFO=200 20 >0Lr 13000000 Q-0 Ll XSIL0EX000Ccy SEXN P
<IDMOOZNOOUILEZFZFEY T ¢=30¥=22500Ce >0 n0a 43S0 HZ2 PO FERXXyrp 000
EOE S 68 d“%§%§§ S 25333 ggg%gmnégmmm&@wmgw% & %%méékzghhkg;;hﬁ
o
Cont o 1 0 3 O 6 O 9 O 122
D E
¢ SEEMVE (1893 Rso7a Streptavidin PD
. - R
: LA o e e
. - R
. GFP-MVP (1-893) R507/511A D . . . GFP-TDP1 (1-608
° GFP-MVP (1-893) R507/512A . . . . GFP-TDP1 (1-587
. GFP-MVP (1-893) R511/512A . . . o  GFP-TDP1 (1-164
* GFP-MVP (1-893) R507/511/512A © © ° © GFP-TDP1(1-153
H B 1 -~
c | 130 704 70+
- 4 4 GFP
55 55
a o ';. erF i M— P Streptavidi
130 reptavidin
<] [ —a sfess 200088885 tag)
£ [130-
>
2 e Streptavidin PD
& Sessceee Streptavidin F
@@ e 80808k |t Input e Jee e s
. ) ) . . FLAG-MKRN2 (1-416
000000 0k . . . . FLAG-MKRNZ (1-352
o ° o o FLAG-MKRN2 (1-321
. . . ° FLAG-MKRN2 (1-237
i d 4 L FLAG-MKRN2 (1-194
° ° ° ® FLAG-MKRN2 (1-164

FLAG

Streptavidin
[Biotin tag]

Figure 5. PAR-binding modules in ADPr readers and disease associations
(A) Circular bar plot depicting the ADPr-binding modules in previously characterized ADPr readers covered in the ADPr proteomics screenings. The number of

proteins with an ADPr-interacting region is shown in brackets.

(B) Dot plot comparing the number of known ADPr readers (blue) and total number of proteins with either known or predicted ADPr-binding modules (red) found in

screenings.

(C) Dot plot depicting the putative ADPr-binding modules in representative ADPr readers. The dot size denotes the domain count for each protein.
(D) ADPr affinity purifications were performed with lysates containing wild-type MVP-GFP and its single, double, and triple amino-acid PBM mutants.
(E and F) The PAR-binding potential of full-length TDP1-GFP (E) and MKRN2-FLAG (F) as well as their truncated variants was assessed by ectopic expression

followed by ADPr affinity purifications.

Experiments shown in (D)-(F) were repeated independently at least two times with similar results. See also Figure S5 and Table S1.

domain of the PAR-specific nuclear pore complex subunit
NUP214 results in acute encephalopathy (Shamseldin et al.,
2019). Furthermore, mutations within three WD40 domains of
the THOCG6 subunit of the THO complex are associated with

a Beaulieu-Boycott-Innes syndrome (Amos et al.,, 2017).
Recent structural studies revealed that THOCS is required for
tetramerization of THO-UAP56 complex (Puhringer et al.,
2020), and disease-relevant mutations within THOC6 disturb
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its interaction with other subunits of the THO complex (Mattioli
et al., 2019). It is, therefore, tempting to speculate that PAR-
recognition by THOC6 modulates assembly of the THO com-
plex under stress conditions.

Mapping dynamic ADPr interactions under oxidative
stress conditions

Next, we evaluated the suitability of the ADPr probes to identify
dynamic ADPr interactions under stress conditions. Toward that
aim, we treated Hela cells with hydrogen peroxide, an insult
known to induce a PAR-dependent DDR (Palazzo et al., 2018).
Cells were harvested at 0, 5, and 30 min after treatment, at which
point a marker for cellular DNA damage, y-H2AX, was strongly
induced (Figure S6A). Most of the immediate hydrogen-
peroxide-induced responses occur on chromatin, we, therefore,
used chromatin-enriched nuclear extracts as the input for ADPr
affinity enrichments. Correlation-based clustering revealed 355
ADPr interactors exhibiting distinct probe-binding specificity
and interaction dynamics (Jungmichel et al., 2013) (Figure S6B;
Table S1). This analysis resulted in the identification of 10 and
22 proteins that interact with MAR in a stimulus-independent
and -dependent manner, respectively. Furthermore, 80 constitu-
tive PAR readers were identified, including well-characterized
APTX, DNA ligase 3, and XRCC1; 243 PAR readers displayed
hydrogen-peroxide-dependent binding kinetics. Several of
them most prominently interacted with the triADPr probe early
after induction of DNA damage (clusters 4 and 8), whereas other
proteins peaked 30 min after induction of DNA damage (cluster
5). ADPr binding for another group of proteins (cluster 6) was in-
hibited upon the treatment. Reassuringly, four clusters of dy-
namic DNA-damage-dependent PAR interactors are rich in
DDR factors (Figure 6A). Some of these proteins were previously
shown to be recruited to DNA damage foci in a PAR-dependent
manner, such as KDM4D (Khoury-Haddad et al., 2014, 2015). In
the future, it will be of interest to identify the mechanisms respon-
sible for regulating dynamic, stimulus-dependent interactions
between ADPr modifications and their readers. Some of these
underlying mechanisms may include PTM-dependent regulation
of ADPr binding affinity.

Finally, we integrated the generated DNA damage-regulated
ADPr interactome with a genome-wide DNA damage CRISPR
screen (Olivieri et al., 2020). This screen identified ~1,000 genes
whose loss resulted in resistance or sensitivity to various DNA
damage insults. 25 CRISPR-Cas9 dropout screens were per-
formed in human RPE-1- hTERT cells. In each screen, two con-
ditions were compared: an untreated group (control), and cells
exposed to sublethal doses of drugs for 10 cell-doubling times.
The drug selection enabled coverage of a wide range of DNA
repair pathways in the screen. 277 proteins were common in
both datasets (Figure 6B; Table S1). For example, depletion of
ADPr readers SNRNP40, MYH9, PPP1R8, and SRSF10 is lethal
under DNA replicative stress induced by either gemcitabine or
Cdc437. Furthermore, deficiency of SRSF9, SRSF6, BAZ1B,
and several other putative PAR readers causes cellular sensi-
tivity toward DNA strand-breaking-inducing agents bleomycin
and camptothecin. Strikingly, depletion of a plethora of dynamic
ADPr readers is associated with cellular resistance to duocarmy-
cin, calicheamicin, and trabectedin. Duocarmycin and calichea-
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micin are antitumor antibody-drug conjugates exhibiting high
cytotoxicity, whereas trabectedin is an isoquinoline alkylating
agent used for chemotherapy (Pignochino et al., 2017). Interest-
ingly, PARP inhibitors were shown to augment antitumor and
antimetastatic activity of trabectedin in mice. Noteworthy, geno-
toxic sensitivity to these three agents is reduced by depletion of
16 identified ADPr readers, including the RNA helicases DDX54
and DDX56. These proteins might represent a class of ADPr
readers whose expression is required for effective anti-cancer
therapy with duocarmycin, calicheamicin, or trabectedin. In
summary, these integrative analyses further confirm and expand
the intricate connection between ADP-ribosylation, the DDR and
cancer therapy.

DISCUSSION

In this study, we have combined chemical synthesis of structur-
ally defined biotinylated ADPr probes with interaction prote-
omics technology to identify hundreds of putative MAR and
PAR readers (Figures 1, 2, 3, 4, 6, and 7A). These experiments
revealed that certain domains, which were previously consid-
ered to be exclusively PAR specific, also interact with MAR,
such as the PBM. Furthermore, certain proteins, which were pre-
viously described as PAR readers, such as EXO1, DTX2, and
ATM, actually also interact with MAR. Future structural studies
are required to reveal the underlying molecular mechanisms.

When we were preparing this manuscript, two proteomics ap-
proaches to identify PAR readers were reported. Lam et al.
(2021) synthesized a bifunctional NAD" probe with C2-diazirine
and clickable ribose, which serves as a PARP1 substrate, thus,
enabling identification of PARylation-dependent interactors. Da-
sovich et al. (2021) generated a biotinylated, photoaffinity-based
PAR probe, which enabled the identification of a large number of
direct PAR readers. 26 PAR readers were identified in all three
studies, including ours (Figure 7B). A significant overlap of 72
and 184 proteins was found between our study and the datasets
of Lam et al. (2021) and Dasovich et al. (2021), respectively. A
quantitative comparison between MAR and PAR readers, how-
ever, is currently only possible using the toolkit presented in
this study.

Our proteomics screenings significantly expand on previously
described functional connections between ubiquitin signaling
and ADP-ribosylation. In particular, we identified a number of
E3 ligase proteins as ADPr readers. We demonstrated that the
E3 ligase activity of MKRN2 is stimulated by the addition of
PAR chains in vitro. The fact that the interaction between PAR
and MKRNZ2 is mediated by its zinc finger (ZF)-comprising C ter-
minus suggests PAR-binding-induced allosteric activation of its
RING active site. In the future, it will be interesting to determine
whether PAR-dependent regulation of the MKRN2 ubiquitin
ligase activity is functionally connected to its previously
described physiological and pathological role in cancer and
inflammation. In a more-general sense, many identified ADPr
readers have previously been implicated in various diseases
(McGurk et al., 2019; Palazzo et al., 2019). In the future, these
connections could be further investigated, and eventually, tar-
geting certain ADPr-reader interactions may turn out to be bene-
ficial from a therapeutic perspective.
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Figure 6. DNA damage-dependent ADPr readers and data integration with a genome-wide DDR CRISPR screening

(A) Radar charts showing enrichment of k-means-clustered ADPr interactors with or without H,O, treatment at different time points. The yellow area depicts the
mean enrichment of the ADPr readers within the cluster. Additionally, the binding dynamics for a subset of known DNA damage proteins is shown. The distance
from the canter to periphery indicates protein enrichment for each probe at different time points after H,O, treatment. The heatmap for k-means clustering is

shown in Figure S6B.

(B) Heatmaps comparing H,O,-dependent ADPr interactors (this study) with a published genome-wide CRISPR screen of the DDR. Proteins common to both
screenings are shown. The left heatmap depicts a subset of ADPr interactors at different time points after H,O, treatment (2 mM) (Figure SEB). A subset of
proteins in the bottom cluster also displays a stimulus-dependent increase in the negative control (indicated with a black line). The right heatmap represents the
survival of cells depleted for those ADPr readers upon exposure to diverse DNA-damaging agents.

See also Figure S6 and Table S1.

Limitations of the study

The synthesized ADPr baits represent first-generation probes,
which lack functional groups for photo-crosslinking to enable
mapping-direct ADPr readers, as recently shown by Dasovich
et al. (2021). The proteins identified in our screenings, thus,

represent a mixture of direct and indirect ADPr readers. How-
ever, around one-third of all the identified proteins carry a puta-
tive ADPr-binding domain, suggesting that many of them interact
with ADPr directly. Furthermore, we validated a number of direct
ADPr readers using recombinant proteins. Thus far, a few
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Figure 7. An interaction landscape of ADPr signaling

(A) Schematic overview of a subset of discovered MAR and PAR readers and selected protein complexes, whose subunits were identified as ADPr readers.
(B) Venn diagram depicting the overlap of identified ADPr readers between this study, the Lam et al. (2021) study, and the Dasovich et al (2021) study.

See also Table S1.

proteins were shown to specifically interact with very long PAR
chains, such as DEK and XPA (Fahrer et al., 2007, 2010). The
identification of such PAR readers would require much-longer
probes compared with those we used. Furthermore, current
probes are not suitable for identifying readers that interact with
branched PAR chains. Finally, certain proteins may require
conjugation of MAR and PAR to a peptide backbone to generate
a high-affinity binding site.
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Antibodies

Mouse monoclonal anti-XRCC1
Mouse monoclonal anti-ATR

Mouse monoclonal anti-DLD

Rabbit monoclonal anti-GAPDH
Mouse monoclonal anti-IMPDH
Mouse monoclonal anti-KIF14

Mouse monoclonal anti-ME2

Mouse monoclonal anti-MKRN2
Rabbit polyclonal anti-MKRN2
Mouse monoclonal anti-MVP/LRP
Mouse monoclonal anti-NOLC1/NOPP140
Mouse monoclonal anti-SFPQ/PSF
Mouse monoclonal anti-TDP1

Mouse monoclonal anti-THOC1
Mouse monoclonal anti-THOC5/FMIP
Mouse monoclonal anti-THOC6
Rabbit polyclonal anti-ZC3H14
Rabbit polyclonal anti-MACROD1
Rabbit polyclonal anti-OGFR

Mouse monoclonal anti-TUBA1A
Mouse monoclonal anti-GST

Rabbit polyclonal anti-HIS

Mouse monoclonal anti-Ub (P4D1)
Rabbit polyclonal anti-Streptavidin-HRP
conjugated

Rabbit monoclonal anti-H2AX

Rabbit monoclonal anti-yH2AX
Rabbit polyclonal anti-GFP

Mouse monoclonal anti-FLAG (M2)

Mouse monoclonal anti-C-MYC

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Cell Signaling Technology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Abcam

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Biorbyt

NOVUS BIOLOGICALS
NOVUS BIOLOGICALS
Thermo Fisher Scientific
Santa Cruz Biotechnology
Cell Signaling Technology
Santa Cruz Biotechnology
Thermo Fisher Scientific

Cell Signaling Technology
Cell Signaling Technology
Abcam

Sigma-Aldrich

Santa Cruz Biotechnology

Cati#tsc-56254; RRID: AB_794191
Cati#sc-515173; RRID: AB_2893291
Cat#sc-365977; RRID: AB_10917587
Cat#2118S; RRID: AB_561053
Cat#sc-166551; RRID: AB_2127354
Cat#sc-365553; RRID: AB_10847216
Cat#sc-514850; RRID: AB_2893292
Cat#sc-514185; RRID: AB_2893293
Cat#ab72055; RRID: AB_1269435
Cat#sc-23916; RRID: AB_627891
Cat#sc-374033; RRID: AB_10917069
Cat#sc-374502; RRID: AB_10989589
Cat#sc-365674; RRID: AB_10847225
Cat#sc-514123; RRID: AB_2893294
Cat#tsc-514146; RRID: AB_2893295
Cat#sc-390722; RRID: AB_2893296
Cat#orb422692; RRID: AB_2893297
Cat#NBP2-85248; RRID: AB_2893298
Cat#NBP2-83799; RRID: AB_2893299
Cat#T5168; RRID: AB_477579
Cati#sc-138; RRID: AB_627677
Cat#CST 2365T; RRID: AB_2115720
Cat#Sc-8017; RRID: AB_628423
Cat#PA1-26848 ; RRID: AB_795453

Cat#7631S; RRID: AB_10860771
Cat#9718S; RRID: AB_2118009
Cat#ab290; RRID: AB_303395
Cat#F3165; RRID: AB_259529
Cati#sc-40; RRID: AB_2857941

Chemicals, peptides, and recombinant proteins

Biotin-monoADPr probe
Biotin-diADPr probe
Biotin-triADPr probe

Untagged monoADPr
Untagged triADPr probe
Unfractionated PAR polymer
Biotin-triA

Biotin-pentadecaA

MgCl,-ATP Solution
PDD00017273 (PARG inhibitor)
Olaparib (AZD2281, KU-0059436)
PhosSTOP

This paper
This paper
This paper
This paper
This paper
Trevigen

Integrated DNA Technologies
Integrated DNA Technologies

BostonBiochem
TOCRIS
Selleckchem
Sigma-Aldrich
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N/A

N/A

N/A

N/A

N/A
Cat#4336-100-02
N/A

N/A

Cat#B-20
Cat#5952/10
Cat#S1060
Cat#4906837001
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Hydrogen peroxide Sigma-Aldrich Cat#H1009
cOmplete Protease Inhibitor Cocktail Sigma-Aldrich Cat#4693132001
N-Ethylmaleimide Sigma-Aldrich Cat#E3876
lodoacetamide Sigma-Aldrich Cat#11149
TrypLE Express Enzyme (1X), phenol red Thermo Fisher Scientific Cat#12605028
Trypsin Promega Cat#V5280
Polyethylenimine Sigma-Aldrich Cat#408727
TCEP Sigma-Aldrich Cat#646547
Benzonase nuclease Sigma-Aldrich Cat#1016970001

Recombinant ENPP1

Recombinant PARG

Recombinant E1 (UBE1)
Recombinant E2 (UbcH5a/UBE2D1)
Recombinant Ub

Recombinant MKRN2-GST
Recombinant MECP2-GST
Recombinant THOC6/WDR58-GST
Recombinant XRCC1-GST
Recombinant GST-HIS
Recombinant IMPDH-6xHIS
Streptavidin Sepharose

R&D Systems
Enzo Life Sciences
BostonBiochem
BostonBiochem
BostonBiochem
Abnova

Abnova

Abnova

Abnova
Mybiosource
Origene

GE healthcare Life Sciences

Cat#6136-EN-010
Cat#ALX-202-045-UCO01
Cat#E-304-050
Cat#E2-616-100
Cat#U-100H
Cat#H00023609-P01
Cat#H00004204-P01
Cat#H00079228-P02
Cat#H00007515-P01
Cat#MBS143838
Cat#AR50099PU-S
Cat#17-5113-01

Dynabeads MyOne Streptavidin C1 Thermo Fisher Scientific Cat#65001
Critical commercial assays

QuikChange Il Site-Directed Agilent Cat#200523
Mutagenesis Kit

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat#23225

Deposited data

MS raw and analyzed data
Immunobloting raw data

This paper
This paper

PXD: PXD024233

Mendeley Data: https://doi.org/10.17632/
f278t3f4dx.1

Experimental models: Cell lines

Hela Spruijt et al., 2013 N/A
HaCaT Laboratory of Michiel Vermeulen N/A
Oligonucleotides

See Table S2 for the list of primers used to N/A

generate mutants of MVP, TDP1
and MKRN2

Recombinant DNA

pcDNAS-Flag ATR
PEGFP-N1 MeCP2
PEGFP-NI XRCC1
pMC-EGFPP-N TDP1
pMC-EGFPP-N TDP1 (1-153)
pMC-EGFPP-N TDP1 (1-164)
pMC-EGFPP-N TDP1 (1-587)
p3xFLAG-CMV BUD31
pFLAG MPP7

MYC-LIN7C

Jiang and Sancar, 2006
Tillotson et al., 2017
Campalans et al., 2013
Barthelmes et al., 2004
This paper

This paper

This paper

Hsu et al., 2014

Bohl et al., 2007

Bohl et al., 2007

Addgene: Cat#31611
Addgene: Cat#110186
N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
pPEGFP mPIP5KIB Yamaguchi et al., 2010 N/A
pEGFP-N1 MVP van Zon et al., 2003 N/A
pEGFP-N1 MVP R507A This paper N/A
pEGFP-N1 MVP R511A This paper N/A
pEGFP-N1 MVP R512A This paper N/A
pEGFP-N1 MVP R507/511A This paper N/A
pEGFP-N1 MVP R507/512A This paper N/A
pEGFP-N1 MVP R511/512A This paper N/A
pEGFP-N1 MVP R507/511/512A This paper N/A
pCMV-Flag mMKRN2 Shin et al., 2017 N/A
pCMV-Flag mMMKRN2 (1-164) This paper N/A
pCMV-Flag mMMKRN2 (1-194) This paper N/A
pCMV-Flag mMKRN2 (1-237) This paper N/A
pCMV-Flag mMKRN2 (1-321) This paper N/A
pCMV-Flag mMKRN2 (1-352) This paper N/A
Software and algorithms

ImageJ/Fiji NIH https://imagej.net/software/fiji/

MaxQuant (1.5.0.1)

Perseus (1.5.0.15)

R (3.4.1)
Proteome Discoverer 2.2
Python (3.7)

DAVID Bioinformatics Resources 6.8
ScanProsite

InterPro

Online Mendelian Inheritance in Man, OMIM

Cox and Mann, 2008

Cox and Mann, 2012

R project
Thermo Fisher Scientific

Python Software Foundation. Python

Language Reference.

Huang et al., 20092, 2009b

de Castro et al., 2006
Blum et al., 2021
Amberger et al., 2009

https://www.biochem.mpg.de/5111795/
maxquant

https://www.biochem.mpg.de/5111810/
perseus

https://www.r-project.org

https://www.python.org

https://david.ncifcrf.gov
https://www.expasy.org/tools/scanprosite/
https://www.ebi.ac.uk/interpro/

https://omim.org/

DisGeNET v7 Pifiero et al., 2019 https://www.disgenet.org/
Jalview Waterhouse et al., 2009 https://www.jalview.org/
Other

Protein copy number dataset for HelLa
cell line

DDR network dataset used to generate
Figure 6B

Nagaraj et al., 2011

Qlivieri et al., 2020

https://doi.org/10.1038/msb.2011.81

https://doi.org/10.1016/j.cell.2020.05.040

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Michiel
Vermeulen (Michiel.Vermeulen@science.ru.nl).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

The mass spectrometry proteomics data generated during this study have been deposited to the ProteomeXchange Consortium via
the PRIDE partner repository (Perez-Riverol et al., 2019) with the dataset identifier PXD: PXD024233. Original western blot images
have been deposited at Mendeley and are publicly available as of the date of publication. The DOl is listed in the Key resources table.
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This paper analyses existing, publicly available data. The accession numbers for the datasets are listed in the Key resources table.
This paper does not report original code.
Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Human cervix adenocarcinoma HelLa and human epidermal keratinocyte HaCaT cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, Thermo) supplemented with 10% Fetal bovine serum (FBS, Hyclone) and 1% Penicillin/Streptomycin (15140-122,
Thermo). Early passages of both cell lines were propagated and frozen at liquid nitrogen, and aliquots were used for a limited number
of passages. Both cell lines tested negative for Mycoplasma contamination.

METHOD DETAILS

Drug treatment

To inhibit PARP activity, cells were treated with either DMSO (control) or Olaparib inhibitor (Selleckchem) at final concentration of
10 uM for 2 hours. To induce oxidative DNA damage, Hela cells were first pre-treated with Olaparib, followed by stimulation with
2mM hydrogen peroxide (Sigma-Aldrich) for indicated time points (Bartlett et al., 2018).

Plasmid constructs

The pcDNAS3-ATR WT -FLAG construct was provided by Aziz Sancar via Addgene (Cat#31611) as described in Jiang and Sancar
(2006), whereas pEGFP-N1-MeCP2 was provided by Adrian Bird via Addgene (Cat#110186) as published in Tillotson et al. (2017).
pEGFP-NI XRCC1 was a kind gift from Pablo Radicella (Campalans et al., 2013), pMC-EGFPP-N TDP1 was provided by Fritz Boege
(Barthelmes et al., 2004), Cheng-Lung Hsu kindly provided p3xFLAG-CMV BUD31 plasmid (Hsu et al., 2014). pFLAG-MPP7 and
plasmid encoding MYC-LIN7C were a kind gifts of Scott B. Vande Pol (Bohl et al., 2007), whereas pEGFP-mPIP5KIB was provided
by Yamaguchi et al. (2010). pEGFP-N1 MVP was kindly provided by Erik A.C. Wiemer (van Zon et al., 2003), whereas pCMV-Flag-
mMKRN2 plasmid was a kind gift from Takashi Tanaka (Shin et al., 2017). Mutants of pEGFP-N1 MVP and truncated variants of
pMC-EGFPP-N TDP1 and pCMV-Flag-mMKRN2 were generated using QuikChange Il Site-Directed Mutagenesis Kit (Agilent) ac-
cording to the manufacturer’s instructions. All plasmids generated in this study are listed in Key resources table and all primers se-
quences are provided in Table S2.

The integrity of all constructs was verified by sequencing.

Plasmid DNA transfection

Hela cells were transfected with either empty vector or indicated plasmids using Polyethylenimine (PEI, Sigma-Aldrich) (Longo et al.,
2013). PEI was diluted in Opti-MEM medium and incubated at room temperature (RT) for 5 min. The plasmid DNA (typically between
200 ng and 2 pg) was also diluted in Opti-MEM medium. Next, the diluted PEI was added to diluted plasmid DNA at PEI:DNA ratio 3:1
and incubated at RT for 15 min. The PEI:DNA complex was added drop-wise to the cells. The medium containing transfection mixture
was replaced with fresh DMEM medium after at least 18 h. 24-48 h post-infections cells were harvested and whole-cell extracts were
prepared as described in Protein extract preparation section.

Protein extract preparation

Whole cell extracts for affinity purification experiments were prepared as described previously with certain modifications (Zhang
et al., 2017). Briefly, cells were harvested by trypsinisation (trypsin, Promega) and cell pellet was washed thrice with ice-cold Ola-
parib-supplemented PBS. Cells were lysed in 5 cell pellet volumes of lysis buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1.5 mM
MgCI2, 0.5% (v/v) NP-40, 1 ul bensonase (Sigma-Aldrich), 1x cOmplete Protease Inhibitor Cocktail (Sigma-Aldrich), 1x PhosStop™
(Sigma-Aldrich), 10 uM Olaparib (Selleckchem), 2 mM NEM (Sigma-Aldrich) and 1 mM DTT). The cell suspension was passed several
times through a syringe to mechanically disrupt cellular membranes. After 30 min incubation on rotation wheel at 4°C, lysate was
centrifuged (12000 rpm, 30 min, 4°C). The supernatant was collected and passed through 0.22 pum syringe filter. The cleared
whole-cell extract was supplemented with 10% (v/v) glycerol and snap frozen.

Nuclear extracts were prepared essentially as described (Spruijt et al., 2013). Briefly, HeLa and HaCaT cells were harvested by
incubation with trypsin (Promega) and TrypLE Express Enzyme (1X, Thermo Fischer Scientific), respectively. Cells were wash twice
in ice-cold PBS, followed by resuspension and incubation in 5 cell pellet volumes of Buffer A (10 mM HEPES KOH pH 7.9, 15 mM
MgCI2, 10 mM KCI) for 10 min at 4°C. After centrifugation (400 g, 5 min, 4°C), cells were resuspended in 2 cell pellet volumes of Buffer
A, supplemented with 0.15% NP-40, 1x cOmplete Protease Inhibitor Cocktail (Sigma-Aldrich), 1x PhosStop™ (Sigma-Aldrich),
10 uM Olaparib (Selleckchem) and 2 mM NEM (Sigma-Aldrich). Cells were lysed by dounce homogenization, followed by centrifu-
gation (3200 g, 15 min, 4°C). Obtained crude nuclei were washed in ice-cold PBS and lysed in 2 pellet volumes of Buffer C
(300 mM NaCl, 20 mM HEPES pH 7.9, 20% glycerol, 2 mM MgCI2, 0.2 mM EDTA, 0.1% NP-40, 1x cOmplete Protease Inhibitor Cock-
tail (Sigma-Aldrich), 1x PhosStop™ (Sigma-Aldrich), 10 uM Olaparib (Selleckchem), 2 mM NEM (Sigma-Aldrich) and 0.5 mM DTT) by
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incubation for 90 min in a rotation wheel at 4°C. After centrifugation (2000 g, 30 min, 4°C), the soluble nuclear extract was collected,
the concentration of EDTA was adjusted to 2 mM and the extract was snap frozen.

Chromatin-enriched nuclear extracts were prepared by using a modified protocol for nuclear extraction. Briefly, nuclear extracts
were first generated, after which the remaining insoluble chromatin pellet was resuspended in 4 pellet volumes of RIPA buffer
(150 mM NaCl, 50 mM Tris pH 8.0, 1% NP-40, 5 mM MgCl,, 10% glycerol, 1x cOmplete Protease Inhibitor Cocktail (Sigma-Aldrich),
1x PhosStop™ (Sigma-Aldrich), 10 pM Olaparib (Selleckchem) and 2 mM NEM (Sigma-Aldrich)) supplemented with 1,000 U benzo-
nase nuclease (Sigma-Aldrich) per 100 puL pellet. The resuspended chromatin fraction was then incubated at 37°C with vigorous
shaking (1,000 rpm) until chromatin dissolved and then centrifuged (12000 rpm, 10 min, 4°C). The supernatant was collected, sup-
plemented with EDTA (2 mM final concentration) and combined with the nuclear extract. Chromatin-enriched nuclear extract was
then aliquoted and snap-frozen in liquid nitrogen until further usage.

Cells used for western blotting were washed twice in ice-cold PBS and lysed in denaturing buffer (20 mM Tris—HCI, pH 7.5; 50 mM
NaCl, 1.5 mM MgCl,, 0.5% NP-40, 0.5% SDS, 0.5% sodium deoxycholate, 1x cOmplete Protease Inhibitors, 1x PhosStop, 10 uM
Olaparib, 5 uM PDD00017273 (PARGi), 2 MM NEM and 1 mM DTT) supplemented with benzonase nuclease (Sigma-Aldrich) (Kliza
etal., 2017). The lysate was incubated for 30 min in a rotation wheel at 4°C, followed by centrifugation (13000 rpm, 20 min, 4°C). The
supernatant was collected and supplemented with 10% (v/v) glycerol and EDTA to 2 mM final concentration. The extract was either
used immediately or snap-frozen in liquid nitrogen and stored in —80°C until further use.

The protein concentration of lysates was measured using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).

ADPr affinity purifications

For ADPr affinity purifications using whole-cell extracts, each ADPr probe (biotinylated mono-, di- and tri-ADPr) was individually im-
mobilized on pre-washed Streptavidin Sepharose beads (GE healthcare Life Sciences) in 700 pL of binding buffer (50 mM Tris-HCI
pH 8.0, 150 mM NaCl, 2 mM EDTA, 0.5% (v/v) NP-40, 1x cOmplete Protease Inhibitor Cocktail, 1x PhosStop™, 10 uM Olaparib, 5 uM
PDD00017273 (PARGi, Tocris), 2 mM NEM and 0.5 mM DTT) for 30 min at 4°C in a rotation wheel. For label-free quantification pur-
poses, each sample was prepared in technical triplicate. 5 nmol of each ADPr probe and 20 pL of Streptavidin Sepharose slurry were
used for each affinity purification. Next, beads were washed thrice with 700 pL binding buffer, followed by incubation with 3mg of
whole-cell extract in a total volume of 1 mL binding buffer on a rotation wheel for 90 min at 4°C. Samples were vigorously washed
five times with 1 mL of binding buffer (1% NP-40), follow by one wash with 1 mL of binding buffer (0.5% NP-40) and three washes with
1 mL of 1xPBS. All steps were done on ice or at 4°C. Bound proteins were subjected to on-bead trypsin digestion as described in the
On-bead digestion section.

ADPr affinity purifications with nuclear lysates were conducted essentially as described for whole cell lysates with several adjust-
ments. 0.8 mg of nuclear extract was used per each replicate. Nuclear extract has higher concentration of sodium chloride (~300
mM) compared to whole cell extract. Therefore, a modified binding buffer was combined with nuclear extract to obtain a 150 mM
NaCl final concentration. For DNA damage-dependent ADPr affinity purifications, similar adjustments were made to the protocol
and 1.25mg of chromatin enriched extract was used for each replicate affinity purification. Each of these samples were prepared
in duplicate and each of these duplicates was measured twice.

For comparisons between ADPr and biotin-triA and -pentadecaA, RNasin, inhibitor of Ribonucleases (Promega, Cat# N2111), was
added to the binding buffer.

For ADPr affinity purification followed by western blotting, samples were prepared as described above, but the concentration of the
ADPr probes, input protein amounts and total sample volume were scaled down by factor of 3.

To test the enzymatic stability of the biotin-ADPr probes, the ADPr affinity purification was done as described above, with following
adjustments: a reference sample was prepared using buffers containing 2 mM EDTA and 5 uM PDD00017273 (PARGi), whereas re-
maining samples were not exposed to inhibitors of ADPr hydrolases. After the streptavidin pull-down, all samples were washed as
usual, followed by three washes with PBS and two washes with cleavage buffer (50 mM Tris pH 8.0, 50 mM NaCl, 15 mM MgCI2, 0.2
mM DTT). Next, samples were resuspended in 50 ul of cleavage buffer. Designed samples were treated with either 4 uM of recom-
binant ENPP1 (R&D Systems) or 25 pmol of recombinant PARG (Enzo Life Sciences) for 30 min with vigorous shaking. Next, samples
were washed once in cleavage buffer, followed by one wash in PBS. Proteins were eluted from streptavidin resin by incubation in a
LDS buffer supplemented with B-mercaptoethanol (10 min, 70°C).

ADPr competition binding assay

The samples for ADPr competition binding assay were prepared as described in the ADPr affinity purifications section with adjust-
ment that the incubation of pre-bound biotinylated ADPr probes (2 nmol of either biotin-monoADPr or biotin-triADPr per sample) with
nuclear extracts (0.4 mg per sample) was done in the presence of various, increasing amounts of either untagged mono- or triADPr: O,
1 and 2 nmol.

ADPr PAQMAN experiments

The ADPr PAQMAN protocol was developed by adapting the original PAQMAN method (Grawe et al., 2020). A duplicate series of
three-fold dilutions of monoADPr and triADPr probes were prepared. The lowest and highest concentration for each ADPr probe
was 0.61 nM and 12 uM, respectively and 10 concentrations in total were used. Probes were diluted in ADPr-binding buffer

e5 Molecular Cell 87, 4552-4567.e1-e8, November 4, 2021



Molecular Cell ¢? CellPress

(50 mM Tris-HCI pH 8.0, 150 mM NaCl, 2 mM EDTA, 0.05% (v/v) NP-40, 1x cOmplete Protease Inhibitor Cocktail and 5 pM
PDD00017273 (PARGiI). 96-well filter plates (Millipore, Cat#MSBVS1210) were washed with 70% ethanol (v/v), followed by two
washes with ADPr-binding buffer. Sixteen microliters of Streptavidin Sepharose slurry were added to each well and washed twice
with ADPr-binding buffer. A series of diluted ADPr probes were then added separately to individual filter plate wells. Probes were
immobilized on the Streptavidin Sepharose beads for 1 h at 4°C. For efficient immobilization, the filter plate was placed on a tabletop
microplate shaker at 85 rpm. Next, ADPr probes pre-bound to the beads were washed once with ADPr-binding buffer, followed by
two washes with ADPr:Protein incubation buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 2 mM EDTA, 0.25% (v/v) NP-40, 1 mM Tris(2-
carboxyethyl)phosphine (TCEP, Sigma-Aldrich), 1x cOmplete Protease Inhibitor Cocktail and 5 uM PDD00017273 (PARGi)). Per well,
100 pg of Olaparib-treated HelLa nuclear extract was diluted in modified ADPr:Protein incubation buffer to reach 150 mM final con-
centration of NaCl. Diluted protein extract was added to each well and samples were incubated shaking for 2 h at 4°C. Next, samples
were washed six times with buffer containing 100 mM triethylammonium bicarbonate (TEAB) and 150 mM NacCl.

Bound proteins were eluted by incubation with elution buffer (80 mM TEAB, 20% methanol (v/v), 10 mM TCEP) for 30 min at RT with
agitation. lodoacetamide (Sigma-Aldrich) was added to each sample for protein alkylation, followed by overnight trypsin digestion at
RT. Samples were then labeled with 10-plex TMT (Thermo Fisher Scientific). Ten microliters of TMT reagent diluted in anhydrous
acetonitrile was mixed with each corresponding sample and incubated for 1 h in the dark, with agitation. Reactions were quenched
with 100 mM Tris, pH 8.0 for 30 min at RT, after which samples were combined. Samples were acidified with 10% (v/v) trifluoroacetic
acid, and desalted using StageTipping (Rappsilber et al., 2007).

On-bead digestion

On-bead trypsin digestion was performed as described previously (Spruijt et al., 2013). Briefly, the remaining supernatant was
removed from the beads, followed by elution with buffer containing 2 M urea, 50 mM Tris pH, 8.5 and 10 mM DTT (20 min, RT,
1200 rpm). Alkylating agent iodoacetamide (Sigma-Aldrich) was added to sample at 55 mM final concentration and incubated in
the dark (10 min, RT, 1200 rpm). Next, sample was incubated with 250 ng of trypsin (2 h, RT, 1200 rpm), followed by centrifugation
(2 min, RT, 4000 rpm) and supernatant collection. A second round of protein elution was performed (10 min, RT, 1200 rpm). After
centrifugation, both eluates were combined and an additional 200 ng of trypsin was added. The protein digestion was performed
overnight at RT. Next day, trypsin activity was inhibited by sample acidification to pH < 2 with 10% (v/v) trifluoroacetic acid followed
by peptide desalting using the StageTip method.

Chemical synthesis of biotinylated oligoADPr probes
The detailed description of the chemical synthetic route and quality checks of prepared ADPr probes is enclosed in Methods S1.

ADPr affinity purification with recombinant proteins

The experiment was performed for the following recombinant proteins: MKRN2-GST (Abnova), MECP2-GST (Abnova), THOC6/
WDR58-GST (Abnova), XRCC1-GST (Abnova), IMPDH-HIS (Origine) and negative control GST-HIS (Mybiosource). Three microliters
of Streptavidin Dynabeads MyOne C1 beads were washed three times with 1 ml of PBS, followed by incubation with 0.5 pg/ul BSA
diluted in PBS (overnight, 4°C, agitation). Next day, beads were washed thrice with 1 mL of PBS and then resuspended in the buffer
containing 50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.1% (v/v) NP-40, 1x cOmplete Protease Inhibitor Coctail and 5 uM
PDD00017273 (PARGI). Next, ADPr probes (100 pmol) diluted in the same buffer were incubated with the beads for 30 min at 4°C,
rotating. After incubation, the bait-bound beads were washed thrice with the buffer, followed by resuspension in the incubation buffer
(50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.5% (v/v) NP-40, 5% glycerol, 1x cOmplete Protease Inhibitor Coctail and 5 uM
PDD00017273 (Olaparib)). Recombinant GST- or HIS-tagged proteins (~5-20 pmol) were then added to the beads and incubated for
1.5 h at 4°C, rotating. Next, samples were washed four times with 1 mL of the incubation buffer containing 1% NP-40 (v/v), one time
with 1 mL of the incubation buffer containing 0.5% NP-40 (v/v) and once with 1 mL of PBS. The supernatant was removed completely,
beads were resuspended in 5x SDS loading buffer supplemented with B-mercaptoethanol and bound proteins were eluted at 70°C
for 10 min.

In vitro ubiquitination assay

Recombinant 200 ng UBE1 (E1, BostonBiochem), 200 ng UbcH5a/UBE2D1 (E2, BostonBiochem), 300 ng MKRN2-GST (Abnova) and
200 ng Ub (BostonBiochem) were diluted in in vitro ubiquitination buffer (25 mM Tris, pH 7.5, 100 mM NaCl, 5 mM MgCl,, 1.5 mM DTT,
supplemented with MgCl,-ATP (BostonBiochem)). In sample 1 (lane 1 in Figure 3I) MKRN2-GST was omitted. MgCl,-ATP was absent
in sample 2 (lane 2 in Figure 3l). Prior to the in vitro ubiquitination assay, MKRN2-GST was pre-incubated for 30 min at 4°C with either
0.25 uM of biotinylated PAR polymers (Trevigen) or corresponding volume of the buffer, in which PAR was diluted. Samples 4 and 6
(lanes 4 and 6 in Figures 3I) contain PAR chains. The final volume of the reactions was 25 pl. The in vitro ubiquitination incubation time
for each sample is indicated in the figure.

Immunoblotting

Immunoblotting was performed as described previously (Kliza et al., 2017). Briefly, proteins were separated by SDS-PAGE and trans-
ferred to 0.22 um nitrocellulose membrane by wet transfer at 200 mA for 2 h. Membranes were blocked in 5% non-fat dried milk in
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TBS-T and probed with indicated primary antibodies for either 1 h at RT or overnight at 4°C. Next, membranes were thrice washed in
TBS-T, incubated in an appropriate HRP-conjugated secondary antibody for 1 h at RT and washed three times in TBS-T and then
once in TBS. Membranes were developed using Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific) and analyzed
by ImageQuant™ LAS-4000 (GE Healthcare). Following antibodies were used for immunoblotting: mouse monoclonal XRCC1
(Cat#tsc-56254), mouse monoclonal ATR (Cat#sc-515173), mouse monoclonal DLD (Cat#sc-365977), rabbit monoclonal GAPDH
(Cat#2118S), mouse monoclonal IMPDH (Cat#sc-166551), mouse monoclonal KIF14 (Cat#sc-365553), mouse monoclonal ME2
(Cat#sc-514850), mouse monoclonal MKRN2 (Cat#sc-514185), rabbit polyclonal MKRN2 (Cat#ab72055), mouse monoclonal
MVP/LRP (Cat#sc-23916), mouse monoclonal NOLC1/NOPP140 (Cat#sc-374033), mouse monoclonal SFPQ/PSF (Cat#sc-
374502), mouse monoclonal TDP1 (Cat#sc-365674), mouse monoclonal THOC1 (Cat#sc-514123), mouse monoclonal THOC5/
FMIP (Cat#sc-514146), mouse monoclonal THOC6 (Cat#sc-390722), rabbit polyclonal ZC3H14 (Cat#orb422692), rabbit polyclonal
MACROD1 (Cat#NBP2-85248), rabbit polyclonal OGFR (Cat#NBP2-83799), mouse monoclonal TUBA1A (Cat#T5168), mouse
monoclonal GST (Cat#sc-138), rabbit polyclonal HIS (Cat#CST 2365T), mouse monoclonal Ub (P4D1) (Cat#Sc-8017), rabbit poly-
clonal Streptavidin-HRP conjugated (Cat#PA1-26848), rabbit monoclonal H2AX (Cat#7631S), rabbit monoclonal yH2AX
(Cat#9718S), rabbit polyclonal GFP (Cat#ab290).

The results ofimmunoblotting in Figures 3F, 3G, and 3l were quantified using ImageJ/Fiji and were normalized using indicated con-
trols. Results of quantification of Figures 3F and 3G are presented in tables in Figures S3F and S3G, respectively. Quantification of
Figure 3l is illustrated by a plot in Figure 3J.

Proteome analysis

The proteome of HeLa and HaCaT cells was determined using following protocol: proteins were concentrated by aceton precipita-
tion, followed by denaturation in the buffer containing 8 M urea, 0.1 M Tris pH 8.5 and 10 mM DTT. Next, FASP protocol (filter aided
sample preparation method) was used to digest the proteins using trypsin (Wisniewski et al., 2009).

Mass spectrometry

The samples were loaded onto a column (30 cm length, 75 um inner diameter) in-house packed with Reprosil-Pur C18-AQ beads
(Dr. Maisch). Tryptic peptides were eluted from a reverse-phase EASY-nLC connected online to either an LTQ-Orbitrap Q-Exactive,
Orbitrap Exploris 480, or Orbitrap Fusion mass spectrometer. Peptides generated in MAR and PAR PAQMAN assays were separated
using a buffer B gradient (80% acetonitrile, 0.1% formic acid) comprising of the following steps: 7%-15% gradient over 5 min,
15%-35% over 214 min, 35%-50% over 5 min, 50%-95% over 1 min, followed by 95% buffer B over 5 min (flow rate 200 nl/min).
Total data acquisition time was 240 min. The processed HelLa and HaCaT proteome samples were measured using an initial 43-min
gradient of buffer B (12%-30%), followed by gradient increase up to 60% over 10 min and further up to 95% over 1 min (flow rate
200 nl/min). Total data-collection time was 60 min. For remaining proteomics experiments, peptides were separated using a 114-min
gradient of buffer B (7%-32%), followed by a segmented increase up to 95% buffer B (flow rate 200 nl/min). Total data acquisition
time was 140 min.

All scans were collected with a top20 acquisition mode enabled and mass spectra were recorded.

QUANTIFICATION AND STATISTICAL ANALYSIS

General information

Information on quantifications for each method is provided in the respective Method details section. The number of independent rep-
licates for each immunoblotting-based experiment is provided in the figure legend. Details of statistical analyses are provided in
the Results section and in the figure legends. Data in Figures 2B and S3A are represented as mean + SEM and *p < 0.05, *p <
0.01, ™p < 0.005.

Mass spectrometry data analysis

Raw data was analyzed using MaxQuant version 1.5.0.1 with default settings and searched against the UniProt human proteome
(year of release: 2017) (Cox and Mann, 2008). Additionally, match between runs, label-free quantification and IBAQ quantifications
were enabled. Common contaminants, reverse hits and proteins identified only by site were filtered out. LFQ intensities were log,
transformed and additional filtering was applied to detect proteins present in all replicates of at least one experimental triplicate.
Missing values were imputed from a normal distribution (width = 0.3 and shift = 1.8) in Perseus (version 1.5.0.15), assuming that these
proteins were just below the detection limit (Tyanova et al., 2016). For data visualization in Volcano plots, two sample t test analysis
was performed (FDR < 0.05, FC > 2, for each experiment specified in the text). For data representation as heatmaps or radar charts,
protein enrichments were normalized by Z-score calculations prior to an ANOVA test (thresholds are indicated in the Results section
for each specific experiment). The hierarchical clustering of significantly enriched proteins was performed (Euclidean distance, com-
plete linkages). The data visualization, which includes Volcano plots, heatmaps, regular and circular boxplots, correlation, dot and
Cleveland plots, radar charts and Venn diagram, were done in R. Data correlation in Figure 6B, was done using ComplexHeatmap
package in R (Gu et al., 2016).
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PAQMAN experiments were analyzed as shown in detail elsewhere (Grawe et al., 2020). TMT-based quantification, spectral
matching to peptides, peptide identification grouping into proteins, and isobaric label quantification were performed using Proteome
Discoverer 2.2 (Thermo Scientific). The pre-defined processing workflow “PWF_Fusion_Reporter_Based_Quan_SPS_MS3_
SequestHT_Percolator” and the consensus workflow “CWF_Comprehensive_Enhanced Annotation_Quan_Results” were used.
The TMT 10-plex quantification method was enabled with the 131 mass set as the control channel. Initial data exploration revealed
that in all replicates one condition (128C) showed significant deviation, therefore this channel was disabled from quantification. For
the Sequest HT search, database parameters were set to: tryptic digestion allowing two missed cleavages, peptide length between 6
and 144 amino acids. The search was performed against the UniProt human proteome. A precursor mass tolerance of 10 ppm and a
fragment mass tolerance of 0.6 Da were used. The following modifications were included: cysteine carbamidomethylation (57.021
Da, static modification), methionine oxidation (15.995 Da, dynamic modification) and protein N-terminal acetylation (42.011 Da, dy-
namic modification). Moreover, the 6-plex TMT reagent mass (229.163 Da) was included as a dynamic modification enabled on
lysine, histidine, serine, and threonine residues, as well as the N terminus of the peptide. A strict target FDR of 0.01 and a relaxed
FDR of 0.0532 were set up for FDR filtering. Strict parsimony was applied for protein grouping, and only unique peptides were
used for quantification. No peptide quantification normalization was applied. The calculation of protein binding parameters, fitting
Hill-like curve (R® > 0.90) for each identified protein and plot generation was done as described previously, using in-house Python
script. The heatmaps for PAQMAN experiment were done in R.

The GO enrichment analysis was performed using DAVID 6.8 (Huang et al., 2009a, 2009b). All proteins detected in the experiment
were used as background against significant interactors. The statistically significantly enriched terms were identified using default
settings in DAVID. The results were visualized as dot plots in R.

To determine putative ADPr-binding domains of identifiedMS candidates, a search in ScanProSITE and InterPro was performed
(de Castro et al., 2006; Blum et al., 2021). The database of proteins identified as significant interactors in experiments from Figures 1,
2, 3, and 4 was generated and protein sequences of identified ADPr readers were screened for presence of consensus PAR-binding
sequences (one PAR-binding module search at a time) (Kamaletdinova et al., 2019). Scanning at high sensitivity was enabled, match
mode greedy, includes, overlaps was chosen. The predicted putative PAR-binding domains with the low scores were not taken under
consideration and are not present in the Figures 5C and S5B. The results of the analysis were summarized in dot plots made in R and
Table S1. An exemplary alignment visualization was performed in Jalview editor (Waterhouse et al., 2009). The ADPr interactors: dis-
ease relations were done by mining the OMIM and DisGeNET databases and summary of this analysis is presented in Table S1 (Am-
berger et al., 2009; Pifiero et al., 2019).
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